Abstract --An experimental and numerical study has been carried out for laminar forced convection in a long pipe heated by uniform heat flux and subjected to a reciprocating flow of air. Transient fluid temperature variations in the two mixing chambers connected to both ends of the heated section were measured. These measurements were used as the thermal boundary conditions for the numerical simulation of the hydrodynamically and thermally developing reciprocating flow in the heated pipe. The coupled governing equations for timedependent convective heat transfer in the fluid flow and conduction in the wall of the heated tube were solved numerically. The numerical results for time-resolved centerline fluid temperature, cycle-averaged wall temperature, and the space-cycle averaged Nusselt number are shown to be in good agreement with the experimental data. Based on the experimental data, a correlation equation is obtained for the cycle-space averaged Nusselt number in terms of appropriate dimensionless parameters for a laminar reciprocating flow of air in a long pipe with constant heat flux. 
Introduction
Recently, the needs to improve the thermal performance of Stirling machines and cryocoolers have prompted researchers to pay increasing attention to the study of heat transfer and fluid flow characteristics in a reciprocating flow. In particular, the design of heat exchanger in these devices has been based on steady flow correlation equation, which are not applicable to a reciprocating flow. Simon and Seume (1988) presented an excellent survey of literature on this subject, and pointed out important differences between steady and oscillatory flow and heat transfer. Iwabuchi and Kanzaka (1982) experimentally investigated heat transfer in an oscillatory flow in a test facility designed to obtain data for a specific prototype engine; they presented their heat transfer data in terms of rpm, mean pressure and phase difference between the opposing pistons, but did not attempt to correlate their oscillatory heat transfer data in terms of dimensionless parameters. Therefore, their results cannot be of general use. Hwang and Dybbs (1983) presented their oscillatory heat transfer data in terms of Nusselt number versus Reynolds number (defined based on the pipe diameter and the maximum cross-sectional mean velocity) at different oscillatory amplitudes. Wu et al. (1990) investigated oscillating flow resistance and heat transfer in a gap heat exchanger of a cryocooler. They found that the value of the cycle-averaged Nusselt number is constant at a value about 9, and is independent of the oscillatory frequency over a wide range of the cycleaveraged Reynolds numbers. Most recently, Zhao and Cheng (1995) show that the proper similarity parameters for the characterization of oscillatory convective heat transfer in a pipe subjected to a reciprocating flow are: the kinetic Reynolds number ω Re , the dimensionless oscillation amplitude of fluid o A , the length/diameter ratio of the pipe L/D i , and the Prandtl number Pr. They found from their numerical solution that annular effects (similar to annular effects in velocity) also exists in the temperature profiles of a laminar flow near the entrance and exit of the heated pipe under certain conditions. In this paper, an experimental and numerical study has been carried out for forced convection in a long pipe heated by uniform heat flux and subjected to a laminar reciprocating flow of air. Transient fluid temperature variations in the two mixing chambers adjacent to both ends of the test section were measured and used as the thermal boundary conditions for a numerical simulation. The finite difference scheme based on a control volume method by Patankar (1980) was used for the numerical solution of the conjugate heat transfer problem in the fluid flow and the heated wall of the pipe. The time-resolved centerline fluid temperature, cycle-averaged wall temperature, and the space-cycle averaged Nusselt number obtained from the numerical solution are presented and shown to be in good agreement with the experimental data. A correlation equation based on experimental data is obtained for the cycle-averaged Nusselt number (in terms of the kinetic Reynolds number ω Re and the dimensionless oscillation amplitude of fluid o A ) for forced convection in a long pipe subjected to a laminar reciprocating flow of air.
Experimental Investigation
Figure 1 is a schematic diagram illustrating the major components of the experimental setup. A horizontal test rig, consisting of two velocity straighteners, two coolers, two mixing chambers and a heated test section, was constructed for the present study. The test section was made of a long copper tube, with length L =60.5 cm, inside diameter i D =1.35 cm, and outside diameter o D =1.57 cm. The test section was heated uniformly by a wrapped-around insulated flexible heater (manufactured by Omega), which was connected to a filtered DC power supply (Model PS-5, EPSCD). Each end of the heated tube was connected to two coolers of the same inside diameter. The two identical coolers, using tap water as coolant, were made of two concentric tubes. Two mixing chambers, made of a cylindrical tube (with length 3.5 cm and the same inside diameter as the test section) packed with a stack of plastic wire-screens (mesh 200), were inserted between the test section and the coolers. The reciprocating motion of the fluid in the test section was driven by a double-acting piston pump with a sinusoidal motion generator which, in turn, was driven by a 1 kW DC motor with an adjustable speed from 7 to 570 rpm. The sinusoidal motion generator is designed such that the fluid displacement m x varies according to
where the fluid displacement m x is defined by assuming that the fluid moves as a plug flow at a mean velocity m u ; max x is the maximum fluid displacement which is controlled by the stroke of the air pump; ω is the oscillation angular frequency and t is time. Differentiating Eq. 
where max x is adjustable. In a previous paper, Zhao and Cheng (1996) found that the measured temporal variations of the axial velocity in the mixing chamber at the inlet of the heated pipe during each half cycle were in good agreement with Eq. (2). For this reason, Eq.(2) will be used as the hydrodynamic boundary conditions for the numerical simulation of the heat transfer characteristics in the heated pipe as will be presented the next section.
Because both the geometry and the imposed hydrodynamic and thermal boundary conditions were symmetric with respect to the midsection of the heated tube, the sensors were installed only in the left-hand side of the test rig. Six fine T-type thermocouples (manufactured by RdF) were used to measure wall temperatures, two on the outer surface of the cooler wall and the other four at the interior wall of the heater. Centerline fluid temperatures inside the heated tube were measured by four mini-needle T-type thermocouples (manufactured by Omega). To measure inlet and outlet fluid temperatures in the heated tube, two fine thermocouples (0.001" in diameter) were carefully installed inside the two mixing chambers. Analog-to-digital conversions were carried out by a MetraByte DAS-20 A/D board, giving 100,000 samples per second with 12-bit precision. A 4-channel simultaneous sample and hold front end for the A/D board (SSH-4) was employed, which was capable of allowing the 4-channel signals to be sampled simultaneously. An angle shaft encoder (Model LD 23, Lucas Ledex) was mounted on the crank shaft to provide the top dead center signal and angle positions for data acquisition purposes.
Mathematical Formulation for the Conjugate Heat Transfer Problem
A numerical simulation of the experiments will now be carried out. Consider an incompressible, laminar, viscous fluid oscillating in a copper pipe (with inner and outer diameters i D and o D ) heated with uniform heat flux at the outer surface of the tube. We now define the dimensionless coordinates, time, velocity, pressure and temperature as (X,
, and
, where x, r, t, p, u and T are the corresponding dimensional quantities, with ρ being the density of the fluid, f k the thermal conductivity of the fluid, and q the prescribed uniform heat flux. Note that the dimensionless time τ is related to φ by
, with i being the number of cycles. The governing time-dependent dimensionless conservation equations of mass, momentum and energy in the flow region )
are given by Zhao and Cheng (1995` ) as 
where
with s α being the thermal diffusivity of the solid.
For the present problem, the hydrodynamic boundary conditions are the no-slip condition at the tube wall and continuous flow conditions at the outlet of the tube. If the fluid is assumed to be entering from the left during the first half cycle, the axial velocity at the inlet (X=0) according to Eq. (2) in dimensionless form is
It is relevant to note that the inlet and outlet conditions change with each half-cycle as the fluid flow reverses its direction periodically. The thermal boundary conditions for the problem under consideration are 
, with s k being the thermal conductivity of the solid. Thus, the parameters in the conjugate heat transfer problem are:
D , Γ , and σ .
Mathematical Formulation for Negligible Heat Conduction in the Wall
For the case of a thin wall tube made of copper, the effect of the heat conduction in the wall may be considered to be negligible small. Under this situation, the governing equations for forced convection in the pipe are given by Eqs. (4)-(6) subject to boundary conditions given by Eqs. 
Numerical Solutions
Computations were first carried out for the case of negligible heat conduction in the wall as discussed in Section 4. After the numerical results had been obtained, these values are used as the initial guess for the iterative solution of the conjugate heat transfer problem with 709 . 0 = Γ and 5 10 532 . 2 − × = σ as discussed in Section 3. For both cases, numerical solutions were obtained based on a control-volume method detailed by Patankar (1980) . In this procedure, the domain is discretized by a series of control volumes, each containing a grid point. The differential equations are expressed in an integral manner over the control volume, and a power law variation is assumed in each coordinate direction, leading to a system of algebraic equations that can be solved in an iterative manner. Pressure-velocity inter linkages are handled by the SIMPLER formulation as described by Patankar (1980) . The solution procedure starts with the initial estimates for velocities, temperatures and pressure fields, along with the physical boundary conditions, and an iteration is performed until a converged solution is obtained. The convergence criterion used was ε ψ
where ψ is either U, V, P, or θ ; superscript n is the nth iterative step; and ) 10 ( 4 − ε is the typical tolerance.
Because of the extremely thin boundary layer encountered at high kinetic Reynolds numbers and large velocity gradients in the inlet region of the tube, a non-uniform grid was deployed. Solutions were performed with different grid densities and grid numbers to ensure a grid-independent solution. The choice of 181 grid points in the axial direction and 51 points in the radial direction was found to be sufficient in providing a grid-independent solution. For the two mesh sizes 181 × 51 and 201 × 51, the maximum changes in the predicted centerline velocity and temperature at the midsection of the pipe were less than 2, and 1.5% respectively. For each case, 360 time steps were used in one cycle and transient behaviors were recorded until a steady periodic state was reached.
Results and Discussion
For the present experiment with a thin-walled copper tube ( 16
, it was found that there are negligible differences between the numerical results for the cycle-space averaged Nusselt number and the cycle-averaged wall temperature based on Section 3 and 4. In the following, we shall present experimental and numerical results (based on Section 3) for a laminar reciprocating flow of air (Pr=0.71) in a heated pipe (with L/ i D =44.8) connected to two coolers at both ends. The frequency and the stroke of oscillations were varied such that the range of A was from 8.5 to 34.9 which was less than the critical value of o A for the onset of turbulence according to Zhao and Cheng (1996) . Figures 2(a) and 2(b) illustrate typical temporal temperature variations measured at the left and right mixing chambers during one cycle at the same oscillatory frequency ( ω Re =120.1) for A o = 34.9 and 15.3 respectively. These measurements were used as the thermal boundary conditions given by Eqs. (9) and (11) Fig. 4(a) shows that the level of the wall temperatures decreases with the increase of ω Re . This is because that the thermal boundary layer becomes thinner with ω Re . Therefore, the wall temperature decreases at the fixed value of heat flux. Similarly, a comparison of the Case 2 (represented by the dash lines) and Case 3 (represented by the solid lines) in Fig. 4(b) shows that the level of the wall temperature decreases with the increase of o A at a fixed value of ω Re . Physically, a higher value of o A means a larger amount of colder fluid entering the heated test section and thus the wall temperature drops. Figure 5 is a comparison of experimental and numerical results of the cycle-averaged wall temperature variation with axial location for the left hand side of the test section (X < 22.4) for four different cases. The dashed lines represent the numerical solutions based on negligible heat conduction in the wall (i.e., the formulation of Section 4) while the solid lines represent the coupled conjugated heat transfer formulation. It is shown that there are slight differences in the numerical results based on the two formulations, and that the numerical solutions are in good agreement with the experimental data. Generally, the cycle-averaged wall temperature increases progressively with the axial location, with the minimum value occurring at the left mixing chamber and maximum value at the midsection of the heated tube. It can also be observed that the cycle-averaged wall temperature decreases with the increase of either the kinetic Reynolds number 
Temperature Distributions
where w T and w θ are the dimensional and dimensionless space-cycle averaged temperatures measured at the outer surface of the heated tube, with w θ being computed from 
Equation (20) with experimental data is presented in Fig. 6 . The maximum relative error between Eq. (20) and the experimental data is about 12.8 percent. The space-cycle averaged Nusselt number Nu generated from the numerical simulation was also presented in Fig. 6 (20) is a conservative estimate of heat transfer rate for a reciprocating flow in a pipe of finite length
The uncertainty in the experimental data can be considered by identifying the main sources of errors in the measurements. Prior to the experiments, all thermocouples were calibrated in a constant temperature bath (CL 730, Omega) to ensure the accuracy of ± C o 1 . 0
. The voltage input to the electric heater was measured with a sensitivity of ± 1 mV and an accuracy of 0.1 percent. Several runs were tested in which the voltage and the current for the circuit were measured, and the calculated power output was stable and its uncertainty was less than 3.5 percent. The energy losses in the heated test section were 5 percent of the total energy output of the electrical heating device. The maximum uncertainty in the measurements of oscillation frequency and stroke of the air pump were found to be 2 and 0.3 percent, respectively. The estimated uncertainties in the kinetic Reynolds number, the dimensionless oscillation amplitude of the fluid, and the space-cycle averaged Nusselt numbers are 2.1-2.3, 0.4-0.5 and 6.2-9.4 percent, respectively, using the uncertainty estimation method of Kline and McClintock (1953) .
Concluding Remarks
An experimental and numerical study has been carried out for laminar oscillatory forced convection in a long circular tube heated by uniform heat flux and subjected to a laminar reciprocating flow of air. The numerical solutions for time-resolved centerline fluid temperature, cycle-averaged wall temperature, and the space-cycle averaged Nusselt number are shown to be in good agreement with the experimental data. Based on the experimental data, a correlation equation for the space-cycle averaged Nusselt number of an oscillatory laminar flow of air in a long tube in terms of appropriate similarity parameters is obtained. This correlation equation will be useful for the design of heat exchangers in a Stirling engine or a pulse-tube cryocooler. Fig. 1 Schematic of the apparatus 
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